Abstract-Deep-depletion capacitance measurements on n-type 3C-SiC MOS capacitors that exhibit both field and temperature dependencies are presented and analyzed in this letter. A two-step electron-detrapping process, in which electrons first tunnel from neutral near-interface traps to interface traps and are subsequently thermally emitted into the silicon carbide conduction band, is identified as the responsible mechanism. A mathematical model is proposed for this two-step detrapping process.
I. INTRODUCTION

3
C-SIC has an advantage over other SiC polytypes in that it can be integrated with silicon [1] , [2] . With the ability to grow high-quality SiO 2 layers by thermal oxidation, together with its wide energy gap, silicon carbide is well suited for the fabrication of MOS integrated circuits for operation in high-temperature environments. However, the high density of defects at the SiO 2 /SiC interface degrades the device performance and causes reliability problems [3] , [4] . Traditionally, high-frequency capacitance-voltage (HFC-V ) and capacitance transient (C-t) techniques are used in the study of the deep-depletion capacitance relaxation of this interface [5] - [8] . Avila et al. observed an increase in the deep-depletion capacitance of 3C-SiC/Si MOS capacitors at room temperature and attributed this to the minority carrier generation mediated by interface traps [5] . In this mode of inversion layer formation, the generation rate is proportional to the intrinsic carrier concentration n i [9] . For 3C-SiC, n i is on the order of 10
[10], compared to 10 10 cm −3 in silicon. Given that the generation rate in SiC is 11 orders of magnitude smaller than that in silicon, we conclude that this generation process is practically nonexistent in SiC at room temperature. Tang et al. proposed that the observed increase in deep-depletion capacitance is due to minority carrier generation by impact ionization [8] . However, impact ionization is weakly temperature dependent [11] , which is contrary to our observation that deep-depletion capacitance relaxation is strongly temperature dependent. As such, there is no satisfactory theory to correctly account for the capacitance relaxation. In this letter, we combined the results of the measurements from HFC-V and C-t to arrive at a new model for electron detrapping from near-interface traps at the SiO 2 /SiC interface, which accounts for the observed increase in deep-depletion capacitance.
II. EXPERIMENT
3C-SiC MOS capacitors were prepared on nitrogen-doped n-type (10 15 −10 17 cm −3 ) SiC epitaxial films (with a thickness in the range of 4-6 µm) supplied by NOVASiC, Institute of Crystal Growth (Berlin, Germany), and Hoya Advanced Semiconductor Technologies Co. Ltd. Gate oxides were grown in dry O 2 or NO (100%) at 1160
• C. The oxide thickness ranged from 18 to 23 nm, as determined by accumulation capacitance measurements. The gate electrode is aluminum, with an area of 0.0025 cm 2 . The MOS capacitors are characterized by two different methods: 1) HFC-V measurement and 2) C-t measurement, in which the capacitor is initially biased in accumulation and then pulsed to deep depletion and the capacitance is then measured as a function of time. All measurements were performed under a light-tight and electrically shielded environment. and, otherwise, minimal distortion when compared to the theoretical C-V curve. The negative flatband voltage indicates that the trap density at or near the SiO 2 /SiC interface has an effective positive charge of 2.6 × 10 12 cm −2 . The minimal distortion observed for these two curves indicates that the positive charge is due to traps that do not respond (emit or capture electrons) to the dc sweep in the applied bias range. When the dc negative bias is increased to −16 V, a hysteresis appears between the forward and reverse sweeps of the HFC-V curves, which are shown as dashed lines in Fig. 1 . The reverse sweep exhibits a more negative flatband voltage, implying that a more positive charge is introduced, as a result of the higher negative bias. The positive trapped charge decreases as the bias is reduced, implying that the positive charge is being removed as the surface is being swept toward the accumulation. It is also noticed that the forward capacitance starts to increase at −12 V. This is attributed to an increase in the effective positive charge at or near the interface, which has the net effect of reducing the band bending, leading to the reduction in deep-depletion width and, therefore, the increase in capacitance. There is a hysteresis between the forward and reverse curves due to the fact that not all the traps that have emitted electrons between −10 and −16 V can recapture the electrons before an accumulation bias is reached. Fig. 2 shows the C-t measurements at room temperature for different oxide field values (these are obtained by varying the gate bias) close to where the rise in deep-depletion capacitance started to occur in Fig. 1 . If the deep-depletion capacitance relaxation is due to inversion carrier generation, all the curves will reach the same final steady-state inversion capacitance (shown as the dotted line in Fig. 2 ). It is clear that the final steady-state capacitances are above the predicted inversion capacitance. Furthermore, the capacitance transient is highly dependent on the oxide field. This is distinctly different from the capacitance transient due to the inversion carrier generation. We ascribe this to the electron detrapping from neutral nearinterface traps, which leaves behind a positive charge. In order to further investigate the detrapping process, we have developed a mathematical model to describe the field-and temperaturedependent capacitance transient. The distribution of the nearinterface traps per unit area at distance x from the SiC/SiO 2 interface with a single energy level E t , which was measured from the SiC conduction band, will be labeled N T (x, E t ). Labeling the corresponding detrapping time constant τ (x, E t ), the detrapping rate of the near-interface traps can be written as
III. RESULT AND DISCUSSION
The rate of change of N T is also related to the rate of change of the total MOS capacitance dC/dt, using the relation [12] 
where q is the electron charge, N D is the bulk dopant concentration, ε SiC is the silicon carbide dielectric constant, and C ox is the oxide capacitance per unit area. Equations (1) and (2) can then be integrated and combined to give the following equation:
where N T (t 0 ) is the initial trap density. Using (3), τ can be extracted from the measured C(t) data in Fig. 2 . As the extracted τ values shown in Fig. 3 exhibit both field and temperature dependencies, it points toward the two-step electrondetrapping process shown in the inset of Fig. 2 [13] . In this process, the electrons from the neutral near-interface traps tunnel to the interface traps, which are subsequently thermally emitted into the silicon carbide conduction band. This leaves positive charges in the near-interface traps that reduce the semiconductor field and thus cause capacitance relaxation. This is similar to the mechanism behind the transient threshold voltage shifts observed in the electrical stressing of MOSFETs [13] . It should be noted that there is no difference between repeated C-V measurements after setting the MOS capacitor in accumulation. This indicates that the traps that become charged during the voltage sweep through deep depletion very quickly recapture electrons when the bias is set back to accumulation. There is an obvious asymmetry between the slow two-step electron-detrapping process and the very fast electron capture process. The reason for the faster capture process is the huge concentration of electrons in accumulation that are available for capturing by each trap.
Since the tunneling and thermal-emission steps occur in series, an effective first-order time constant for the two-step detrapping process can be written as [13] τ (x, E t ) = τ tun (x, E t ) + τ e (E t ).
The first term on the right-hand side of (4) represents the carrier tunneling time constant, in which the carrier tunnels from the near-interface traps at E t to an interface trap at the same energy level located at the SiO 2 /SiC interface through a trapezoidal potential barrier. This time constant is given by [13] - [15] 
where τ t is a fitting constant, h is the Planck's constant, q is the electron charge, m * is the effective tunneling mass for electrons in the oxide, and E ox is the oxide field. The second term in (4) describes the thermal emission time constant for the carrier at interface traps emitted to the silicon carbide conduction band and is given by [9] 
where τ o is a preexponential constant, and E C is the energy at the bottom of the silicon carbide conduction band. By fitting (4)-(6) to the measured time constants shown in Fig. 3 , the tunneling distance and the energy level of the near-interface traps are found to be 0.7 nm and 0.40 eV below the conduction band edge, respectively. The extracted near-interface trap tunneling distance is comparable to that extracted from the transient voltage shift relaxation method for the SiO 2 /Si interface [13] . It is most likely that there are active nearinterface traps at different energy levels and distances from the interface. Therefore, the extracted x and E t are simply the average values for all these traps.
IV. CONCLUSION
In summary, we have shown that the electron detrapping from neutral near-interface traps is responsible for the rise in capacitance in the deep-depletion region and the hysteresis effect of the HFC-V curves for 3C-SiC MOS capacitors. We have also established a new model that provides close agreement with the 3C-SiC MOS capacitance behavior experimentally observed. The presented experimental results and model show that inversion carrier generation is not required to account for the rise in capacitance at high deep-depletion bias.
